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Power Control Using ACTS

systemsoperatingin the20/30 GHzfrequencybandare
subjectedto degradations producedby thetropospherethataremuchmoresevere
comparedto thosefoundat lowerfrequencybands. ‘llwseimpairmentsincludesignal
absorptionby rain,clouds,andgases,andamplitudescintillationsarisingfrom
refractiveindexirregularities.For example,rainattenuationat 20 GHzis almostthree
timesthat at 11 GHz. Althoughsomeoftheseimpairmentscanbe overcomeby
oversizingtheearthstationequipmentsuchas antennaandhighpoweramplifier,the
currenttrendofmigratingto smaller,low-costearthstationsthatcanbeeasilydeployed
at userpremisesruns counterto usingsuchbruteforcemethods. As a consequence,
mostKa-bandsystemsareexpectedto employsome formoffademitigationthatcanbe
implementedrelativelyeasilyand at modestcost InthisregardNASA’sAdvanced
CommunicationTechnologySatellite(ACTS)whichoperatesin the20/30 GHzband,
providesan excellentopportunityto developandtestsuchtechniques.Thepresent
investigationconductedunderNASAsponsorshipexaminesthepotentialofup-link
powercontrolas a fademitigationtechnique.

Someofthe methodsapplicableforcounteringrainfadinginclude:

● sitediversity
c satelliteresourcesharing
● up-linkpowercontrol

Site-diversitytakesadvantageoffinitesizeofraincellsto enabletwoearthstations
sepratedby severaltensofkilometersandinterconnectedvia a texmstriallineto
providea continuouslinkto the satellite.Extracostofa =ond earthstationandthe
terrestriallinebetweenthemusuallymakesite-diversitya lessattractivepropositicm
Satelliteresourcesharinginvolvesreallocationofeitherpoweror bandwidthto those
earthte “rnunalsaffectedly rain. Invariablythisincreaesthecomplexityandcost ofthe
satellite.Up-1inkpowercontrol(ULPC)essentiallycountersfadingontheup-linkby
increasingthepowertransmittedby theearthstation. Otherpotentialcandidatesfor
fademitigationincludeorbitaldiversityandselectiveuseoflowerfrequncychannels.

Up-linkpowercontrolcanbeimplementedin severalforms,includin~

“open-loop
cclosed-loop
. feedback-loop
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The open-loopschemerelieson estimatingthe up-linkfadeby independentmeans such
as monitoringa sateUitebornebeaconsignalor radiometry. In closed-loop
implementations,the transmittingearthstationuses its owntransponder carrierto
estimatethe up-linkfade. With feedback-loop,a centralcontrolstationcommands each
earthstaionin the networkto adjustits powerto compensatefor fading on its ownup-
Iink. In terms of implementationcomplexityopen-loopis the least complexsinceit can
be deployedat an earthstationwithoutany systemwideconsiderations. Closed-loop
controlis not alwaysrealizablesincethe availabilityof the transponder carrier depends
on the networkconfiguration.Fedback-loop controlis more complexrequiring
systemwideconsiderationsand additionalresources,both on the groundand on the
spacecraft.

Powercontrolaccuracyis a majorconcernfor systemsprone to adajacent
channelinterferences. Xnaddition,transmissionof excessive power can cuaseharmto
the spacesegmentandto adjacentsatellites. Closed-looopand feedback-looppower
controlsystemscanprovidesuperiorpowercontrolaccuracy. In the case of open-loop
systems, accuraciesakinto the othertwo systemsmaybe obtainedusing a beacon
signalclose to the transmitfrequencyto estimatethe up-linkfade. Mainlyspurredby
this requirement,a frequencyallocationfor an up-linkbeaconfor Ka-bandsatellite
systemswas institutedby theWorldAdminstattiveRadioConferencein 1992.
However,receptionof a weakbeaconsignalwhichlies close to a strongtransmitting
signalposes few problems. Althoughthesecanbe surmountedeasily, the additional
investmentrequiredfor a complexfeed systemand a receiveroperatingin a frequency
band differentfrom the down-linkcanbe a burdenon VSATtype applicationswhere
end-usercost is a majorconcern. Insteadof using an up-linkfrequncybeacon,a beacon
signalwithin the down-linkfrequencybandcanbe usedto estimate the fading on the
up-link. This methodis less accuratesincefadingon up- and down-linkare not highly
correlated. However,throughcarefulconsiderationsof propagationfactorsinvolvedin
the fadingprocess,acceptableaccuracylevelsmay be achieved.

The present investigationdealswiththe implementationof open-loopup-link
powercontrolusing a beaconsignalin the down-linkfrequencyband as the control
parameter. A powercontrolsystemwas developedand testedusing the ACTS satellite.
ACTS carriesbeaconsignalsin bothup- anddown-linkbandswith whichthe
relationshipbetweenthe up- and down-linkfadingcanbe establishecLA power
controlledcarrierwas transmittedto the ACTSsatellitefrom a NASA operatedground
sataionand the transponder signalwas receievedat COMSATLaboratoriesusing a

rminalthatwas routinelyused to monitorthe two ACTSbeaconsignals. Thete
experimentran for a periodof approximatelysix monthsand the collecteddatawere
used to evaluatethe performanceof the powercontrolsystem.

A breif reviewof propagationfactorsinvolvedin estimatingthe up-link fade
using a beaconsignalin the down-linkbandare presentedin Section2. Section3
describesthe powercontrollerdesignand theexperimentconfiguration. Results of the
experimentare discussedin Section4.
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Z PropagationConsiderations

Propagationfactorsthathavean impactonthe designofKa-bandopen-loopup-
Iinkpowercontrolsystemsthatuse a down-linksignalto infertheup-linkfadeinclude:

● gaseousabsorption
. cloud~d rainattenuation
● troposphericscintillations

Thedetecteddown-linkfadeis a combinationofthesefactors. Thepower
controllerhas to translatethedown-linkfadeto theup-linkusingfrequencysacling
ratiosapplicableforeachoftheabovefactors. In gener~ the frequencyscalingratios
for differentpropagationphenomenaarenot thesame. Withinthe20/30GHz
frequencybandthe gaseousabsorptionfollowsa complexfrequencyscalinglawwhich
is a functionoftheatmosphericwatervaporcontent. For rainandclodsthefaderatio
canbe approximatedby (fl/~2, wherefi andfzare thefrequenciesat whichfadesare
measured,andfortroposphericscintillationsthe scalingratiohas the form
(fI/tD7/12[U.Itisgenera~ynotf-ibletoseperatetheabsorptivecomponents(gases,
clouds,andrain)fromeachother;however,thenon absoptivetropospheric
scintillationscanbeseparatedfromabsorptivecomponentsusingfiltering
techniques[2].Sincerainattenuationis themainfactora powercontrolsystemhas to
contendwith,thefrequencysaclingratioforrainis ofprimaryimportancefor the
contollerdesign. Thefrequencyscalingbehaviourofrainattenuationis essentiallya
functionoftheraintype(stratiform,thunderstormetc.); in addition,it can vary
considerablyduringa singlerainevent. Figure1 showsthefrequencyscalingratio
between20 and27 GHzfadesobservedduringas ummerraineventat a sitein
Clarksbur&MD;Fig. la showsthefadelevelsobservedon the20 and 27 GHz ACI’S
beacons,Fig. lb showsthefaderatioas a functionofthe 20 GHzfade,andFig. IC
showsthe timeseriesofthefaderatio. At lowfadelevels(4 dB)the faderatiois
essentiallydeterminedby thegaseousabsorption;Fig lb alsoshowsthe combined
effectofgaseousabsorptionandrainattenuationas predictedby theory. It is evident
thatconsiderablevariationinthefaderatoexistat highfadelevelswhererainfadeis
the dominantfactor.

Figure2a showsthedistrilmtionoftheinstantaneousfrequencyscalingratio
between20 and27 GHzfadescoresspondingto an observationperiodof12 months;
Fig.2b showsthefaderatioonan equiprobablebasisfor the sameobservationperiod.
Basedon theinstantaneousvalues,it is seenthatforfadeslargerthan about3 dBthe
meanfrequencyscalingratiois ofthe orderof1.8 dB. Theequiprobableratiohas a
similarmagnitude.Thedistributionoftheinstantaneousratioaroundthemeanis such
that90%ofthevaluesarecontainedwithinapproximately*1O%ofthe meanvalue.
Thisimplesthattheuseofa constantfrequencyscalingratiowilllimitthepower
controlaccuracyto approximately10%ofthefadelevelbeingcompensated.The
alternativeofusinga variablefrequencyscalingratiowhichmust adaptto the
prevailingrainconditionsis rathercomplexandmay requireadditionalinformationon
therainprocess. Theexperimentdescribedin thenext sectionwas designedto evaluate
powercontrolerrorboundsresultingfromtheuse offixedfrequencysclaingratios.
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Oncethebaselineis established,anyvariationaroundthislevelis assumedto be
inducedby propagationphenomena.Twotypesofpropagationfactorsare accounted
forby the algorithm:fadingcausedby rainandheavycloudsandtropospheric
scintillations.Thetwo typescan co-existandtheyneedto be separatedbefore
determiningg theircontributionsto theup-link.Scintillationsarefast variationsin signal
levelinducedby troposphericrefractiveirregularities.Variationsare largely
symmetricalabouta meanlevelandfluctuationsarerestrictedto frequenciesabove
about0.5 Hz. A runningaverageoftheestimatedfadelevel,takenovera 20 second
interv~ appearsto be sufficientto removealmostallscintillationeffects.A delayof 10
secondsis introducedby the20 secondsaveragingfilter. Therefore,to obtainthe
currentrainfadeleve~a predictorsimilarto theone usedfor thebaselinelevelis usd
Thepredictoris basedonmaximumentropy[3] andcanbe appliedto non-stationary
processessuchas rain.

—

Afterseparatingtherainandscintillationcomponents,frequencyscalinglaws
are appliedto the twocomponents.Theup-linkrainattenuation,AURcanbe
approximatedby:

AUR= AdR (fu/fd)2 (dB) [1]

whereAdRis the down-linkrainattenuation,andfu andfd are theup- anddown-link
frequencies,respectively.Thefactorinvolvedin thescalingof 20 GHzfadeto 27 GHz
is 1.85. Themeasuredfaderatioshownin Fig.2 includestheeffectsofgaseous
absorptionandscintillations,andtherefore,somewhatsmallercomparedto theratiofor
rainalone.

For troposphericscintillation,the scalinglawemployed is:

Su= Sd (fu/fd)7/12 (dB) [2]

where ~ andSd arethe scintillationlevels at theup- anddown-linkfrequencies.

up-linksignalleve~Lw is givenby:

In thesecalculationsallquantitiesare inlogzuithmicscale(dBs).

In orderto evaluatethe performanceofthepowercontrolsystemdeveloped,a
long-termtestusingtheACI’Ssatellitewasconducted.Thetestinvolvedtransmittinga
powercontrolledcarrierfromtheNASAACTSgroundstationinClevetid to the
ACTSsatelliteandreceivingthetranspondedearnerat anearthstationin Clarksburg.
Figure5 showsthebasicexperimentconfiguration.Thesatellitewasconfiguredinthe
microwaveswitchmatrixmode(MSM)andthe E-(I8spotbeamofthe satellitewas used
to beamthepilotsignaltowardsClarksburg.StartingfromMay,1994,theexperiment
ran for a periodof about6 months. Thepowercontrolevaluationwas oneofmany
experimentsconductedusingthe satellite,andtheactualsatellitetimeusedfor the
experimentwas approximately350 hours. Duringthetestperiodseveralrainevents
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w e r eencounteredand thesewere deemedsufficientto evaluatethe controller
performance. In addition,off-lineevaluationof the systemwas carriedout using
beacondata collectedat Qarksburg.

At the transmitsite in Cleveland,where the elevationangle to the ACI’Ssatellite
is 39”,the ACTSbeaconsignalsarereceivedvia the 3.5 m NASAGroundStation(NGS)
antennausing the beaconmeasurementsystem(BMS). The 20 GHzbeaconsignalis
usedby the powercontrollerunit to estimatethe down-linkfade. ‘he power controlled
carrierat 70 MHzwas derivedfrom a signalsynthesizerandfed to the power
controller. The powercontrolledcarriercomingout of the controllerwas fed to an up-
converterthat translatesthe 70 MHzinputto an L-bandfrequencysuitablefor feeding
the transmitchainof the LinkEvaluationTerminal (LET);the transmitfrequencywas
29.5 GHz. The power amplifierof the LETsaturatesat an input of approximately30
dBm. The nominaloutputof the powercontrolleris maintainedat a level closeto O
dBm,givinga totalpowercontrolrangein excessof 30 dB. The separationbetweenthe
NGSantennaand the LETantennais about15 feet. Becauseof this, some decorrelation
betweenfadingon the up- and down-linkwas observed. However,the impactof the
antennaseparationon the generaloutcomeof the experimentwas thoughtinsignificant.

At the receivesite the antennausedwas a 1.2 m offsetreflectorwhichcan
receiveboth thebeacons,the pilotearner at 20.3GHz, and skynoise at 20 and27 GHz.
Beaconsignalswere receivedwith”areceiverdetectionbandwidthof 65 Hz; the pilot
carrierdetectionbandwidthwas 400 Hz. Clear-skysignalto noise ratio for the beacon
channelwas 33 dB; thatfor the pilot signalwas 35 dB. The 20 GHzbeaconlevelwas
usedto removeany propagationinducedvariationsoccurringon the down-linkleg of
the pilot earner thus enablingto estimatethe receivedpilot levelatthe satellite. In
additionto the beaconsignalsand skynoiselevels, severalmeteorologicalparameters
are recordedin this datalogger; theseare rain intensity,humidity,andwind speed.

4. Results

Use of a narrow-bandcarriersignalallowedthe powercontrollerto be operated
with a maximumfade compensationrangeof 25 dB. In operationalsystemsthe usable
powercontrolrangewouldnormallybe muchsmaller. In viewof this, results and
analysispresentedin this sectionpertainto a fade controlrange of 15 dB. Duringthe
entireexperimentperiodthe powercontrollerwas operatedwith the same
configuration.

The collecteddatafrom the two siteswere analyzedto evaluatethe performance
of the power controllerunit. This requiredthe extractionof fade depthsfrom recorded
signallevels. One of the difficultiesencounteredduringthis processwas the lack of
absolutelevels%oobtainprecisefade levels. Sessionto sessionvariationsin received
powerlevels couldnot be accuratelydefined. In addition,level variationscausedby the
slowdrift of the spot beampointedtowardsthe Clarksburgsite couldnot be removed
completely. The overalluncertainty due to theseerrorsourcesis of the order of 0.5 dB.

Clear-skyconditionswere investigatedto examinethe degreeto whichthe
controllerwas able trackout equipmenteffectsas well as slowlyvaryingpropagation
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in terms of the pilot level receivedat Ckksburg as well as the differencebetween
the 27.5 GHz fade and the predictedup-linkfade at Cleveland. The controlerror is
blankedout for periodsduringwhichthe controllerwas predictingfades in excess of 15
dB. Theundercompensatedarea startingaroundthe45 min. mark was the result of the
controllerreactingto a modulationpulse. The effect is compoundedby the fact that the
controlerrorwas derivedafter subtractingthe 20 GHzbeaconlevel.

The two error curvesshownin Fig. 6-5bdo not track each othervery well due to
somewhatdifferingpropagationconditionsin front of the transmit(LET)andreceive
(NGS)antennasat Cleveland. As an example,theperiodinbetween the two
attenuationpeaks showoppositebehavior;fading on the LET antennaappearsto be
smallerthanthat on the NGSantenna. However,the overallappearanceof the two
errorplots, both in terms the maximumvalueand the averagevalue,are quite similar.
This suggeststhat, from a statisticalpoint of view, the separationbetweenthe antennas
didnothave any significantimpacton the error estimate. Althoughtheantenna
separationof approximately15’is sufficientto have completedecorrelationof
scintillation,to a largeextent, rain fadingcanbe consideredcorrelated.

A secondrain eventrecordedat Clevelandis shownin Figure8. The event
consistingof three distinctpeaks lastedapproximatelyone hour. The first peakcaused
the 20 GHzbeaconto lose lock, and as a consequence,the power controllerwas unable
to recoverfrom the fade correctly. It is also seen that the onset of the thirdpeak at the
two antennasoccurredat differenttimes.

Rapidrise and fall of deepfadesmakes it difficultto followthem accurately,and
this is clearlyevidentin controlerrorplots. Duringbothevents the powercontroller
was able to maintainthe controlerrorwithinabout+2.5dB, except duringthe recovery
of the 20 GHzbeaconfromloss of lock.

Performanceof a powercontrolsystemmaybe evaluatedat least on two criteria:
overallimprovementto link availability,and controlerror at the satellite. The overall
improvementto the link availabilityrequirescontinuousmeasurementsspanninga
minimumperiod of one year to accountfor seasonaldifferencesin precipitationand
scintillation activity. This informationmay be obtainablethroughan analysisof the
long-termbeacon datacollectedwith the Clarksburgpropagationternun- al. Evaluation
basedon the controlerror shouldalsobe carriedout using long-termmeasurementsor
postprocessing oflong-term propagationdata. However,the controlerror canbe
consideredless sensitiveto seasonalvariations,and thereforethe error statistics
obtainedfrom to the limitedset of measurementscan stillbe consideredrepresentative.

Errorstatisticsgeneratedfor the durationof the experiment are shownin Figure
9; the controlerror for severalexceedanceprobabilitiesrangingfrom 1% to 99% are
plottedagainstthe up-linkfade. Statisticsshownpertainsto all rain eventsobservedat
the Clevelandsite and the controlerrorwas derivedfrom the fade on the up-link
beaconand the pilotearner outputof the powercontroller. To accountfor the
frequencydifferencebetweenthe pilotearner and the up-linkbeacon, a correctionof 1
dBwas appliedto earner levels in excess of 10 dB. It is seen that the controlerror
increaseswith the up-linkfade. This is partly due to the increaseof differential
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attenuationbetweenthe pilotand theup-linkbeacon,whichwas onlypartially
compensatedby the abovementionedcorrection.Byapplyingfullcompensationfor
thefrequencydifference(i.e.correctionofapproximately2 dB at 15 dB ofup-linkfade),
the controlerrormay belimitedto =5 dBinsteadofM.5 dBshownin thefigure. With
theincreaseof the up-linkfadethe spreadoftheerror tendto increasesas well. The
lowerboundofthecontrolerroris largelydetermined by theuncertaintyinbaseline
estimation.Sincethecontrolalgorithmusedduringthemeasurementswasnot
optimized,the spreadappearsto be overlylarge. Errorsin thesignalenhancement
region(negativefades)are dominatedby thosearisingfrommodulationpulses. The
poweroutputfromthecontrollerwas belowthenominallevelforthe entiredurationof
thepulsethusproducinga negativecontrolerror.

5. Conclusions

Inthisworka detailedstudyofissuespertainingto the designandoperationof
open-loopup-linkpowercontrolfor Ka-bandapplicationswas undertaken[5].The
ACTSsatelliteandthe NASAgroundstationfacilitiesin Cleveland,OH,were
instrumentalin thesuccessfulconductoftheinvestigation.Rainimpairment
ameliorationtechniqueswhichcan be implementedat modestcostare expectedto play
a pivotalroleincommercialexploitationofthe20/30 GHzfrequencyband. The
investigationprovedthatpowercontrol,evenwhenimplementedas an open-loop
system,is quiteeffectivein combatingrainfading. Open-looppowercontrolcanbe
mademorerobustby usinga beaconsignalcloserto theup-linkfrequencyband;
regulatoryprovisionfor suchbeaconsinfutureKa-bandsatellitesystemshasbeen
mandated. However,the powercontrollerwas designedarounda beaconsignalinthe
down-linkbandas a way ofkeepingthesystemcostto a minimum.

Spurredby thesamecostconsideration,a designbasedon IF controlwas
selected. ThealternativeofusingRF controlentailstheuse ofexpensiveRF
componentsas wellas operationalcomplexities.Oneofthe advantagesofRFcontrolis
that it allowsformulti-mrrieroperationinlargeearthstations. However,thepresent
designcan beeasilyadaptedformulti-carrieroperationby incorporatingadditionalIF
stagesdrivenby a singlemastercontroller.Thiswilladd onlya smallincrementalcost
to thepowercontrolsystem.

Inthe evaluationof thedesign,thesamecontrolalgorithmwas usedfromthe
beginningto theendof theexperimentperiod. Dataanalysisattheend oftheperiod
reveledseveralshortcomingsofthe algorithm.However,thesedidnot havea major
impactonthe powercontrollerperformanceduringthetwo dozenor so rainevents
observedat thetransmitsite. Althoughtheexperimentalsetupusedfor the
investigationwas lessthanideal,the datacollectedallowedtheassessmentofthe
performanceboundsofthe controller.

Theraineventsencounteredduringthe experimentperiodweremainlyof
summerthunderstormtypewithdurationsaveragingbetween0.5 to 1 hour. On-line
evaluationofthe controllerunderlingeringrain,whichcan lastseveralhours,couldnot
be accomplished.However,off-lineanalyseshaveindicatedthatthe eventdurationdid
not affectthecontrollerperformancesignificantly.
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